The impact of humic acid fouling on the membrane transport of two pharmaceutically active compounds (PhACs) -namely carbamazepine and sulfamethoxazole -in forward osmosis (FO) was investigated. Deposition of humic acid onto the membrane surface was promoted by the complexation with calcium ions in the feed solution and the increase in ionic strength at the membrane surface due to the reverse transport of NaCl draw solute. The increase in the humic acid deposition on the membrane surface led to a substantial decrease in the membrane salt (NaCl) permeability coefficient but did not result in a significant decrease in the membrane pure water permeability coefficient. As the deposition of humic acid increased, the permeation of carbamazepine and sulfamethoxazole decreased, which correlated well with the decrease in the membrane salt (NaCl) permeability coefficient. It is hypothesized that the hydrated humic acid fouling layer hindered solute diffusion through the membrane pore and enhanced solute rejection by steric hindrance, but not the permeation of water molecules. The membrane water and salt (NaCl) permeability coefficients were fully restored by physical cleaning of the membrane, suggesting that humic acid did not penetrate into the membrane pores. 
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Introduction

34
A large proportion of the world's population lives in areas with severe water 35
shortages. This problem is being further exacerbated by urbanisation, population growth, and 36 climate change. As a result, over the last few decades, significant efforts have been made to 37 develop innovative treatment processes that utilise alternative water sources such as seawater 38 and reclaimed wastewater in order to ensure a secure and reliable supply of clean drinking 39
water that is independent of the hydrological cycle. Notable progress can be seen in the field 40 of membrane filtration technologies. The occurrence of chemicals of emerging concern, particularly pharmaceutically 54 active compounds (PhACs), in wastewater and secondary treated effluent at trace levels is a 55 major issue associated with wastewater reuse, particularly when intended for potable 56 purposes (Basile et aggregation, which enhanced membrane fouling and reduced fouling reversibility by simple 85 physical cleaning. As a result, it is of practical interest to understand the role of reverse 86 permeation of draw solutes on membrane fouling and its associated effect on the rejection of 87
PhACs. 88
The aim of this study is to investigate the impact of humic acid fouling on the 89 Water permeability coefficient (A) and salt (NaCl) permeability coefficient (B) were 105 determined using a standard method recently established by Cath et al. (2013) . Briefly, the 106 measurement was conducted in RO mode using a laboratory scale cross-flow filtration system. 107
Prior to each measurement, the membrane was compacted at 15 bar using deionised water for 108 at least 12 hours until a constant permeate water flux had been obtained. The water 109 permeability coefficient was determined by dividing the pure water permeate flux obtained at 110 10 bar (145 psi) using deionised water as the feed by the applied hydraulic pressure. NaCl 111 was then added to the feed solution to obtain a concentration of 2000 mg/L in order to 112 determine the salt (NaCl) permeability coefficient at 10 bar (145 psi). The RO system was 113 stabilised for two hours before the permeate water flux ( 
where k f is the mass transfer coefficient for the cross-flow channel of the RO membrane cell. 120
The mass transfer coefficient (k f ) was experimentally determined using the film 121 To measure the membrane pure water and salt (NaCl) permeability coefficient in the 127 presence of a humic acid fouling layer, the membrane was pre-fouled with a feed solution of 128 50 mg/L humic acid and a calcium concentration varying between 0 and 4 mM at 10 bar (145 129 psi) for 10 hours. The membrane pure water and salt (NaCl) permeability coefficients were 130 then measured using the same protocol as described above. 131
Zeta potential measurement
132
The membrane zeta potential was determined using a streaming current electrokinetic 133 analyser (SurPASS, Anton Paar GmbH, Austria). The zeta potential was calculated from the 134 measured streaming potential data using the Fairbrother-Mastin method (Elimelech et al. 135 1994) . Streaming potential measurement was conducted in a background electrolyte solution 136 containing 10 mM KCl. The same electrolyte solution was used to flush the cell thoroughly 137 prior to automatic pH titration using either hydrochloric acid (1 M) or potassium hydroxide (1 138 M). All measurements were performed at room temperature (approximately 22 ºC), which 139 was monitored by the temperature probe of the instrument. 140
Prior to the zeta potential measurement, the humic acid fouled membranes were dried 141 in a desiccator. The dried membranes were then soaked in Milli-Q water for 24 hours prior to 142 the measurement. A small amount of humic acid was released into the solution and the rest 143 was stable on the membrane surface. This procedure effectively prevents the removal of the 144 humic acid fouling layer due to hydrodynamic shear stress during the streaming potential 145 measurement (Simon et al. 2011) . 146 
Chemical reagents
where V w(t) is the permeate volume of water to the draw solution at time t; V ds(t-1) is the 205 volume of draw solution at time (t-1); V ds(t) is the volume of draw solution at time t; C ds(t) is 206 the measured concentration of target solute in the draw solution at time t; and C ds(t-1) is the 207 measured concentration of target solute in the draw solution at time (t-1). Subsequently, P s is 208 calculated using the actual permeate concentration after accounting for water recovery (i.e., 209 25% in all experiments), yielding: 210 The formation of a humic acid fouling layer on the membrane surface did not result in 264 significant decrease in the membrane pure water permeability coefficient; however, it led to a 265 substantial decrease in the membrane salt (NaCl) permeability coefficient (Figure 2) . It is 266 noteworthy that the membrane salt (NaCl) permeability coefficient was measured in RO 267 mode after the membrane was pre-fouled with humic acid at an initial permeate flux of 6.5 268 L/m 2 h (which is also the flux used in the FO experiments). Under this condition, the 269 deposition of humic acid on the membrane surface could be visually confirmed, but water 270 flux decline was negligible (Supplementary Data, Figure S2 ) and the water flux behaviour 271 obtained in the RO mode was similar to that in the FO mode. Therefore, the membrane pure 272 water and salt (NaCl) permeability coefficients of the humic acid fouled membrane obtained 273 in RO mode can be used to assess the impact of the humic acid cake layer on membrane 274 performance in the FO process. 275
[Figure 2] 276
Possessing a large number of free hydroxyl and carboxylic functional groups, the humic 277 acid layer can be highly hydrated (Wang et al. 2001 ). These hydrated humic acid molecules 278 can block the membrane pores and enhance solute rejection by steric hindrance, which 279 reduces solute transport through the membrane. In the FO process, the transport of water 280 through the membrane is driven mostly by diffusion. This is also true in the RO mode when 281 the permeate flux is sufficiently low. Unlike convective transport, the diffusion of water 282 molecules through the membrane pores is not adversely influenced by a hydrated humic acid 283 layer on the membrane surface, because the hydrated humic acid layer provides more 284 available sites, which facilitate the diffusion of water molecules and thereby, compensate for 285 the blockage of membrane pores (Cohen-Tanugi and Grossman 2012). As a result, the humic 286 acid fouling layer reduced the membrane solute (NaCl) permeability coefficient but did not 287 induce any significant impact on the membrane water permeability coefficient (Figure 2) . 288 
Impact of fouling on water and reverse salt fluxes
Impact of fouling on PhAC permeation
Role of calcium and humic acid fouling
325
Permeation of the neutral carbamazepine decreased substantially from 23% under 326 clean membrane conditions to 14% when humic acid was introduced to a feed solution that 327 did not contain calcium ( Figure 5 ). The molecular width of carbamazepine is 0.529 nm 328 (Table 1) while the membrane pore diameter is 0.74 nm (Xie et al. 2012a ). Thus, it is possible 329 that the hydrated humic acid fouling layer could have hindered solute transport through the 330 membrane pore, thereby reducing the permeation of carbamazepine as humic acid fouling 331 occurred. Hindrance of carbamazepine permeation caused by the hydrated humic acid fouling 332 layer was further enhanced as calcium was introduced to the feed solution, (which also led to 333 an increase in the deposition of humic acid on the membrane surface as reported in section 334 3.1). Indeed, carbamazepine permeation decreased further to 3% as the calcium concentration 335 in the feed solution increased from 0 to 4 mM ( Figure 5) . 336
The molecular width of sulfamethoxazole is slightly larger than that of 337 carbamazepine. More importantly, at pH 6.5, both the membrane and more than 90% of 338 sulfamethoxazole molecules are negatively charged (Figure 4) 
Conclusion
391
Results reported here indicate that calcium in the feed solution promoted the 392 deposition of humic acid onto the membrane surface. Higher deposition of humic acid was 393 also observed when NaCl was used as the draw solute due to an increase in ionic strength at 394 the membrane interface in comparison to MgSO 4 , glucose, and urea, which exhibited a 395 the membrane surface led to a substantial decrease in the membrane salt (NaCl) permeability 397 coefficient but did not result in a significant decrease in the membrane pure water 398 permeability coefficient. The decrease in carbamazepine and sulfamethoxazole permeation as 399 the deposition of humic acid increased, which correlated well with the decrease in the 400 membrane salt (NaCl) permeability coefficient. It is hypothesized that the hydrated humic 401 acid fouling layer hindered solute transport through the membrane pores and enhanced steric 402 hindrance, but not the diffusion of water. Results reported here also indicate that the humic 403 acid did not penetrate into the membrane pores. 404 Error bar represents standard deviation from duplicate runs at the specified experimental 534 conditions. 535 
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